Background
Unlike other complications following cardiac surgery, the reported incidence of postoperative cognitive decline (POCD) has been consistent over the years, affecting up to 60% of patients in the early postoperative period; therefore, this incidence of POCD has become an intriguing issue [1] [2] [3] . A POCD diagnosis includes memory difficulties as well as a general slowing of information processing; thus, a specific sensitive neuropsychological test battery that examines different cognitive domains must be used for cognitive evaluations. Because there is no gold standard established for the diagnosis of POCD, defining it becomes a controversial matter; as a result, the reported POCD incidence varies extensively among studies [1, 4] . Although the importance of POCD was underestimated in the beginning, POCD has been shown to be associated with markedly adverse outcomes, including increased mortality. In addition to interfering with a patient's ability to perform daily functions and leading to an early retirement, POCD also represents a noticeable burden on the healthcare system [5, 6] .
Until recently, POCD following cardiac surgery was attributed to physiological disturbances associated with the cardiopulmonary bypass (CPB) technique [6] . However, several randomized studies have been unable to identify any beneficial cognitive effect associated with avoiding CPB [5] [6] [7] [8] [9] . The surgical procedure stimulates a series of hormonal and inflammatory changes that constitute the stress response, in which cortisol plays a key role [10] . Chernow et al. demonstrated that the cortisol response reflects the degree of surgical trauma [11] . Cardiac surgery significantly stimulates the endogenous release of cortisol [12] . Cognition is impaired by the sustained elevation of glucocorticoid levels [13] ; therefore, the prolonged and pronounced stress response in cardiac surgical patients may play an important role in the development of POCD. Mu et al. reported that patients with higher cortisol levels on the 1 st postoperative morning had an increased risk of early POCD after coronary artery bypass graft surgery (CABG) [14] .
To gather a deeper understanding of the potential involvement of the stress response to a surgical procedure in the pathogenesis of POCD, we measured the perioperative cortisol levels at multiple time points. We hypothesized that higher postoperative cortisol levels are related to the occurrence of early POCD after cardiac surgery.
Material and Methods

Study design and participants
The current prospective cohort study was performed at the University Hospital of Split, Croatia, between March 2015 and The study enrolled patients aged between 41 and 84 years who were scheduled for an elective CABG, heart valve surgery, or combined surgery (CABG and valve surgery) with or without CPB. Exclusion criteria were any cerebrovascular incident in the last 3 years; visual, hearing or motor impairment interfering with cognitive assessment; mental illness; previous cardiac or carotid surgery; left ventricular ejection fraction of less than 35%; adrenal gland disease; steroid treatment for longer than 7 days in the past year; alcohol (>20 g per day or >150 g per week) or controlled substance abuse; a preoperative Mini Mental State Examination (MMSE) score less than 26 points; a preoperative Beck Depression Inventory-Second Edition (BDI-II) score more than 19 points; perioperative stroke; and steroid treatment throughout the study period.
Surgery and anesthesia
For all the patients, the procedure began at 08: 00. Anesthesia was induced and subsequently maintained with fentanyl, midazolam, vecuronium, and sevoflurane. The depth of anesthesia was titrated to achieve a bispectral index between 40 and 55. Access to the heart was achieved via a median sternotomy. Heparin (1.5 mg/kg) was administered prior to cannulation to achieve an activated clotting time greater than 280 s, and the effect of heparin was reversed with an equivalent dose of protamine sulfate at the time of decannulation. CPB was performed using a non-pulsatile roller pump (Terumo Europe N.V., Eschborn, Germany) equipped with microporous membrane oxygenators containing integrated 40-μM arterial line filters and heparin-coated circuits (Carmeda; Medtronic Inc., Minneapolis, MN, USA). A perfusion flow rate of 2.2 to 2.4 L/min/m 2 was applied. Myocardial protection was achieved with intermittent antegrade and occasionally retrograde blood cardioplegia. During CPB, the pH-stat technique was used, along with maintenance of normothermia or spontaneous hypothermia (as low as 32°C). Noradrenaline was used to maintain mean arterial pressure within the range of 60 to 80 mmHg during CPB or above 70 mmHg during beating-heart surgery. As required, dobutamine was used for inotropic support. In patients undergoing surgery without CPB, distal anastomoses were performed with the help of an Octopus tissue stabilizer (Medtronic Inc.). Proximal anastomoses were fashioned onto the aorta by means of a single side-clamp. During beating-heart surgery, the same principles of heparinization and neutralization were applied, while the core temperature was maintained near normothermia (36ºC to 37ºC). [16] and computerized PsychE (simple reaction time) test [17] . Validated Croatian editions of the neuropsychological tests were used, as appropriate. Alternate forms of all the applied tests, except the TMT A, were used to reduce learning effects across sessions (refer to Supplementary Table 1, Supporting Information, for an explanation of the different tests and the cognitive domains examined). As in our previous study [18] , 2 days before the surgical procedure, neuropsychological tests and the BDI-II were conducted to assess the participants. Neuropsychological tests were repeated on the 6 th postoperative day when the patients were free of sedative and pain medications and chest drains and were able to walk and sit in a chair. A battery of tests of approximately 40 min duration was administered by a neuropsychologist from our hospital in a standardized fashion at the same time of the day (10: 00) and in the same quiet room of the cardiac surgery ward.
Neuropsychological assessment
Cortisol measurements
Cortisol levels in the patients were determined 1 day before surgery (at 08: 00) and the 1 st (at 08: 00, 16: 00, and 24: 00), 3 rd (at 08: 00), and 5 th (at 08: 00) postoperative days. For each sample, 5 mL of venous blood was collected in a biochemistry tube with gel to determine the serum cortisol concentration using a sandwich electro-chemiluminescence immunoassay (ECLIA) method (Cobas e601; Roche Diagnostics GmbH, Mannheim, Germany). The serum was prepared via centrifugation (Z 400; Hermle Labortechnik GmbH, Wehingen, Germany) at 3500 rpm for 15 min. The intra-assay and inter-assay coefficients of variation were less than 2.8% and 1.7%, respectively. In the hospital laboratory in which the measurement was performed, the normal cortisol ranges between 07: 00 and 10: 00, between 16: 00 and 18: 00, and at 24: 00 are 171 to 536 nmol/L, 64 to 327 nmol/L, and 41 to 69 nmol/L, respectively [19] .
Primary outcome measure
The primary aim of the current study was to assess differences in changes of perioperative cortisol levels between patients who developed POCD on the 6 th day after cardiac surgery and those who did not. In contrast to a previous study that only measured cortisol levels at 1 time point after cardiac surgery [14] , we used a repeated measurement design with cortisol levels at baseline and 5 postoperative time points.
Given the varied definitions used to evaluate POCD [1, 4, 6] , we selected a definition similar to that used by Knipp et al. [3] . Changes in cognitive performance or within-patient changes were expressed as differences between 2 testing points (baseline and the 6 th postoperative day). First, preoperative and postoperative cognitive test results based on the mean and standard deviation (SD) of the scores on 9 neuropsychological tests were transformed into z scores. For timed tests (TMT A, simple reaction time), the sign of the z score was reversed such that improved performance resulted in a higher score in all tests. Then, we calculated the difference in z scores between those 2 measurements (the later score minus the earlier score). POCD was defined as a decrease in performance of 1 SD or greater in postoperative z scores compared to preoperative z scores in 1 or more neuropsychological tests. Furthermore, to better understand the methodological impact of the different applied definitions on the POCD incidence, we performed 2 additional analyses using the strict POCD definition (i.e., as a decrease in performance of 1 SD or greater between 2 testing points in at least 2 and 3 tests, respectively) [6] .
Secondary outcome measure
The secondary aim of this study was to assess differences in changes of perioperative cortisol levels between patients with and without CPB.
Statistical analysis
Data analysis was performed using IBM SPSS Statistics, version 24.0 (IBM Corp., Armonk, NY, USA) and RStudio (RStudio Inc., Boston, MA, USA). Categorical variables were expressed as numbers and percentages. Continuous variables were expressed as the mean and SD or median and interquartile range (IQR). The independent samples t-test, the Mann-Whitney U test and the chi-square test were used as appropriate to estimate significant differences in demographic, clinical, surgical, and postoperative characteristics between non-POCD and POCD patients. Variables that were significantly associated with POCD in univariate analyses were included in a multivariate logistic regression analysis (Enter method) to determine the risk-adjusted predictors of POCD. A general linear model (GLM) mixed-design (between-and within-subjects) analysis of variance (ANOVA) was used to test the primary and secondary outcomes, i.e., to determine any differences in the cortisol levels and neuropsychological test results between non-POCD and POCD patients and, likewise, in the cortisol levels between patients with and without CPB, in repeated experimental conditions. Levene's test for checking the variance equality of the cortisol levels and neuropsychological test results across samples was not significant. Because our data included some legitimate, mostly mild cortisol outliers at the top end of the distribution, we also conducted a sensitive mixed ANOVA analysis without outliers to check for any interference from the outlying observations on the primary and secondary outcomes. Bonferroni correction was applied for the post hoc pairwise comparisons included in the mixed ANOVA. Statistical values were considered significant at 95% (2-sided P<0.05).
According to previous studies [1] [2] [3] , we expected POCD to occur in 50% of the patients and assumed an equal number of patients in each group. Furthermore, we assumed moderate differences in the perioperative cortisol level changes between non-POCD and POCD patients based on the calculated effect size of 0.23 from the study of Mu et al. [14] . To test this association between POCD and cortisol levels using a 2×6 mixed between-and within-subjects, ANOVA at a statistical significance level of 0.05 and 90% power, we required a total sample size of 118 patients. Considering an estimated attrition rate of less than 5% at the time of hospital discharge [2, 14, 18] , the final sample size was increased to a total of 125 patients. G*Power 3.1.9.2 (Heinrich-Heine-Universität Düsseldorf, Germany) was used to calculate the required sample size.
Results
Study population
During the study period, 163 patients were screened, and 145 of these patients matched the selection criteria. Among the eligible patients, 125 provided written informed consent, passed the MMSE exclusion criteria and were enrolled in the study. Three patients died in the early postoperative period, resulting in an overall in-hospital mortality rate of 2.4%. Two (1.6%) patients experienced a stroke during the perioperative period. Ultimately, we analyzed the data on 120 patients. The flow of patients through the study is shown in Figure 1 , and the baseline demographic, clinical, surgical, and postoperative characteristics of the patients are presented in Table 1 .
Primary and secondary outcomes
The repeated-measures GLM ANOVA with 2 factors, POCD and CPB, showed that there was no significant impact of the cortisol level. There were no significant differences between non-POCD and POCD patients in the cortisol levels at the 6 perioperative time points tested (F=0.52, P=0.690, Figure 2A) . The results in Figure 2A may indicate a minor difference in cortisol levels on the 3 rd postoperative morning between non-POCD and POCD patients. Although this difference is statistically significant when analyzed with a bivariate t-test (P=0.013), this result is not significant in the GLM and logistic regression analysis (odds ratio, 1.0; 95% confidence interval, 1.0-1.002; P=0.143); thus, the result of the t-test is considered a false positive. Figure 2B shows that there were no significant differences between patients with and without CPB in the cortisol levels at the 6 perioperative time points (F=2.02, P=0.103).
Sensitivity analysis
After the outliers in the cortisol levels were removed from the analyzed data, there were still no significant differences in the cortisol levels at the 6 perioperative time points between the non-POCD and POCD patients (F=0.58, P=0.667) or between the patients with and without CPB (F=1.65, P=0.164). 
Potential participants assessed for eligibility (n=163)
Assessed as eligible (n=145) Refused to participate (n=17) Preoperative MMSE score <26 points (n=3) Experienced a perioperative stroke (n=2) Died before follow-up assessment (n=3) Cerebrovascular incident in the last three years (n=4) Mental illness (n=2) Previous cardiac or carotid surgery (n=3) LVEF<35% (n=7) Adrenal gland disease (n=2) Consented to participate (n=128
Cognitive outcome
On the 6 th postoperative day, 66 of the 120 (55.0%) patients fulfilled the diagnostic criteria for POCD. The patient scores on the different neuropsychological tests are presented in Table 2 . GLM ANOVA showed a statistically significant interaction effect between the repeated measures and POCD factors in the MMSE, RAVLT delayed recall, Digit Span Backward task, SDMT, TMT A and simple reaction time. The post hoc analysis of the neuropsychological test battery results did not show significant differences in any baseline test between the non-POCD and POCD patients. However, analysis on the 6 th postoperative day showed significant differences in the MMSE score, Visual Memory Span score, Digit Span Backward score, SDMT result and simple reaction time between the non-POCD and POCD patients. Finally, after a strict POCD definition was applied, cognitive impairment was present in 23 of the 120 patients (19.2%) and in 9 of the 120 patients (7.5%).
Predictors of POCD
Variables that were significantly associated with an occurrence of POCD after univariate analysis included a high cortisol level on the 3 rd postoperative morning, old age, CABG as the surgery type, low hematocrit, vasopressor or inotropic agent administration, and blood transfusion during the surgical procedure. However, after a multivariate logistic regression analysis was conducted, no variables were significantly associated with the occurrence of POCD.
Discussion
The current prospective cohort study including 125 cardiac surgery patients showed that there is no association between perioperative cortisol levels and POCD occurrence on the 6 th postoperative day. In addition, this study demonstrated that cardiac surgery stimulates a prolonged and extremely pronounced cortisol response disrupting the circadian rhythm regardless of the applied surgical technique.
Previous studies have noted that aging is associated with the loss of neurons and glucocorticoid receptors in the hippocampal region and with impaired hypothalamic-pituitary-adrenal axis feedback inhibition [20, 21] . Hence, the primary obstacle in achieving endocrine homeostasis in the elderly population might be a prolonged response to stress. This stress response could be important in the development of POCD following cardiac surgery [14] , given that prolonged exposure to high concentrations of glucocorticoids can be toxic to neural structures, particularly the glucocorticoid receptor-rich hippocampus [13, 22] , which is essential for certain types of memory [23] .
To our knowledge, this is the 2 nd study to investigate the association between cortisol levels and cognitive outcome in cardiac surgical patients. Mu et al. reported that patients with higher cortisol levels on the 1 st postoperative morning exhibited an increased risk of early POCD [14] . Furthermore, the same investigators also found a correlation between higher postoperative cortisol levels and the development of delirium [24] , which is closely related to the occurrence of early POCD [4, 25] . However, previous studies did not monitor preoperative cortisol levels, and the postoperative cortisol levels were only examined at 1 time point after cardiac surgery [14, 24] . Contrary to Mu et al., analysis of the repeated cortisol measurements in the current study did not show a correlation among the cortisol levels and POCD. Significantly, our results showed that, regardless of the cognitive outcome, the cortisol levels of the patients were heterogeneous, as exhibited by the large SDs and confidence intervals at each postoperative time point. Using a bivariate t-test, we observed a statistically significant difference in cortisol levels between non-POCD and POCD patients at only 1 time point, the 3 rd postoperative morning, but that difference lacked significance when other factors, such as genuine outliers, confidence intervals, post hoc correction within the GLM model, sensitivity analysis without outliers, and logistic regression were considered. Therefore, in our opinion, it is unlikely that the stress response to cardiac surgery represents an exclusive trigger for POCD occurrence; however, recent findings indicate that interdependent mechanisms, such as inflammatory and stress responses, through interaction effects, may be involved in the POCD pathogenesis [1, 6, 18, 26] .
In unstressed healthy individuals, cortisol secretion follows a typical circadian rhythm, with a sharp rise after awakening and a slow decline thereafter, with the lowest levels around midnight [19] . Here, we noted a narrow cortisol oscillation during the 1 st postoperative day with a level thirteenfold higher than the normal range at midnight. Cortisol levels on the 5 th postoperative morning remained 2-fold higher than the preoperative levels; thus, our results support and extend previous knowledge that cardiac surgery stimulates a prolonged and severe cortisol response with an altered circadian pattern [12] .
We did not identify significant differences in the postoperative cortisol levels between patients with and without CPB. Our results, in contrast to those of Hoda et al. [27] , support the findings of Song et al. [28] , who found that cardiac manipulation during beating-heart surgery may lead to significant hemodynamic impairment reflected by a pronounced cortisol response, which therefore negates the benefits of avoiding CPB in terms of the stress hormone response.
In the current study, the incidence of POCD was well within the range recently reported [1] [2] [3] . At baseline, the non-POCD and POCD patients had identical neuropsychological test results, supporting the hypothesis that the surgical procedure has a significant impact on the occurrence of POCD [1, 6] . The follow-up analysis showed significant differences between the non-POCD and POCD patients in global cognitive status and on the domains of psychomotor speed, attention, visual short-term and working memory. Interestingly, some tests showed significant differences in certain domains between the non-POCD and POCD patients, whereas similar tests were unable to do so, probably because each test measures a series of cognitive functions with different sensitivity [4, 16] . We also showed that applying a strict definition of cognitive deterioration significantly reduced the incidence of POCD, suggesting that skewed results may be produced by excluding truly declined patients; therefore, this approach is too conservative for studies with this or a similar design pattern.
A strength of the current study is that no patients refused to participate on the 6 th postoperative day, and only five (4%) patients were lost to follow-up for reasons such as death or stroke, which is comparable to recently reported results [2, 14, 18] . The current study has several possible limitations. We examined the association of the cortisol response to cardiac surgery coincident with the occurrence of only early POCD, because the cause of later cognitive impairment might include not only the effects of the surgery but also the effects of natural aging, the progression or new silent incidence of cardiovascular disease or cerebrovascular disease, or the development of dementia [1, 4, 29, 30] . Additionally, some might argue that the different surgical techniques have varying risks for POCD, but the current study, as well as several recent studies, did not identify a difference in the rates of POCD after cardiac surgery with or without CPB [5] [6] [7] [8] [9] . Finally, this study did not include a non-surgical control group, given that the inclusion of a non-surgical control group may not be appropriate in light of the complicated physiological processes attributed to the surgical procedure [31] .
Conclusions
Although this prospective cohort study with a longitudinal assessment of the perioperative cortisol level in cardiac surgical patients did not reveal a significant correlation between prolonged and pronounced cortisol responses to surgical procedure and occurrence of early POCD, we cannot exclude the possibility that a synergistic effect of overlapping processes, such as inflammatory and stress responses, may underlie POCD. Therefore, we believe that our findings should encourage future research to further investigate the role of complicated and interdependent mechanisms in the development of POCD following cardiac surgery.
